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ABSTRACT 
The production of prostheses using conventional methods or advanced technologies makes it 
unaffordable for people living in developing communities. Since the Fablab revolution and 
due to the collaborative open source movement, numerous rapid product development 
technologies were invented. The idea of these movements is to provide widespread access to 
modern means for sustainable invention and to ensure distributed value creation. This 
research study was to evaluate suitable rapid product technologies for value creation in 
developing communities, primarily for the production of prostheses. Open source 
technologies were used to fabricate prosthetic ears. These prototypes were evaluated in 
terms of cost, time and material consumption. The accuracy of these more affordable open 
source technologies were also critically analysed, after developing the ears in a few hours. 
The results revealed that open source technologies can be used for distributed prosthesis 
production. 
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1 INTRODUCTION 
Affordable healthcare is desperately needed in Africa. There are also an increasing number 
of prostheses required, most of which are not affordable to the people [1]. Additive 
manufacturing (AM) has been defined by the ASTM F.42 committee as the process of joining 
materials to make objects from 3D model data, usually layer upon layer, as opposed to 
subtractive cutting processes (e.g. milling). AM has also been referred to as rapid 
prototyping (RP) and layer manufacturing [2].Additive manufacturing originated as rapid 
prototyping in the 1980’s and has many disciplines [3]. The most successful RP systems are 
ink jet printing (IJP), stereolithography (STL), fused deposition modelling (FDM), laminated 
object manufacturing (LOM) and selective laser sintering (SLS) [3]. These emerging new 
techniques and technologies coupled with globalisation of the product market are pushing 
creativity and product solutions to its limits. 
Research [4, 5]  suggests that the reported consequences of individuals who are missing body 
parts include depression, feelings of hopelessness, low self-esteem, anxiety and in severe 
cases suicidal ideation. Additive manufacturing has become a popular research area for 
manufacturing and medical sciences. Research institutes are considering biomedical 
applications for both AM technologies and 3D scanners [6]. There is also an increase in 
research projects on additive manufacturing of prostheses, and whether or not it is feasible 
to implement the suggested value chains [7]. Medical prostheses are devices that are located 
either inside or outside of the patient’s body, to perform a function either aesthetically or 
practically [1]. Considering the research [4]that indicates both physical and psychological 
trauma in cases of amputations, prosthetic devices should provide some form of 
functionality as well as human-like appearance and feel. It is further found that improved 
aesthetic prostheses suggest greater psychological well-being [8]. 
There are several techniques that can be used to create a prosthetic ear. Advanced design 
methodologies are used to reduce time to market, leverage creativity and design intent. At 
the same time advanced manufacturing technologies are used to reduce manufacture time 
by lowering cost and lead time. The traditional method involves a trained sculptor 
fabricating the prosthesis by the formation of an impression and resulting mould [7] from 
which a prosthetic body part can be obtained through methods such as pouring of Room 
Temperature Vulcanising silicon, or using a gypsum casting as a model which the prosthetists 
replicates by through hand carving. Modern reverse engineering methods which utilise data 
(e.g. computerised tomography (CT) scan or a point cloud) obtained from a 3D-scanner and 
an additive manufacturing process [6] are being investigated, however have not been widely 
accepted [9]The traditional method of prosthesis fabrication is expensive and takes a 
considerable amount of time and skill to complete [7]. Additionally, the makers of health 
policies agree that individuals who form part of the unilateral upper extremity amputee 
group should be placed at the bottom of the priority list regarding treatment for 
amputations, particularly in areas with limited resources [8]. This provides a massive 
opportunity for AM technologies to be used to provide the option of lower cost prostheses to 
people in rural areas. 
In order to be a worthwhile venture, the benefits of the new technology should outweigh 
those of the traditional methods. The benefits of AM technologies are that the machines can 
produce a product or mould, which requires only minor manual post-processing efforts, in 
just a few hours and this technology can run continuously with none or little supervision 
[10]. AM also provides for mass customisation of parts where many parts can be produced 
during a single build procedure within the same build platform, however, each part can be 
customised [11, 9]. Thus, there is a product development shift from the physical to a digital 
mock up. This means less waiting time for the patient and less skills required to fabricate 
the prosthesis. If the costs of producing prostheses are kept to a minimum, these 
technologies could find their way into the developing communities, where people are unable 
to afford the more expensive traditional prostheses. 
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This study focused on the production of auricular prostheses, commonly known as prosthetic 
ears, using open source AM and 3D-scanning technologies. The research focused on the FDM 
process as these technologies are available to developing communities and are more 
affordable [9].It was critical that the shape and detail of the prosthetic ear replicates that 
of the outer human ear, in order to meet both the functional and aesthetic 
requirements. The systems for implementing AM technologies to ensure distributed 
prosthetic production in developing communities are also mentioned. 
2 DISTRIBUTED MANUFACTURING SYSTEMS 
Manufacturing of products and goods is probably the most important economic activity in the 
world that exists to create value.  As it becomes more difficult to understand and control 
values of products, the concept of sustainable value has emerged to target not only 
ecological sustainability, but also social and economic values [12]. South Africa is facing 
severe poverty levels, especially in underdeveloped regions. Manufacturing is seen as the 
sector which could create work, but it requires innovative development concepts. In order 
to develop a new concept for sustainable development in developing communities, one has 
to consider advanced manufacturing concepts for the next generation manufacturing 
systems. Promising approaches to this search for a new manufacturing paradigm include 
networked, adaptive, and ubiquitous manufacturing systems [13].The developed concept 
[13] of Open Collaborative Manufacturing (OCM) incubators intend to support distributed 
manufacturing incubators with an open design and social selection platform as shown in 
figure 1. The OCM concept include infrastructure in community centres designed to support 
the development of visionary entrepreneurs, which are developed and orchestrated by 
management and offered both in the incubator and through its network of open design 
contacts. The OCM incubation concept can also be integrated into the country’s national 
innovation system as proposed by [14]. 
 
Figure 1: Building blocks for open design supported incubators (Adapted from [13]) 
In order to meet customer demand, production systems can rapidly develop more products 
or technologies, which can also lead to an increase in the number of variants of assemblies 
and parts [15]. In this favorable ecosystem, innovative enterprises can flourish by interacting 
with different innovation actors and across sectorial boundaries [16]. 
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AM processes are not exclusively used for prototyping any longer. New opportunities and 
applications in appropriate manufacturing systems can open up, even though the economic 
impact is still modest [11]. An overview of AM technologies with their acronyms and 
development years are shown in Table 1 [17].The most popular AM machines are the FDM 
machines [9]. Fused deposition modelling uses a heating chamber to liquefy polymer, which 
is fed into the system as either filament or pellets. The extrusion nozzle is located on three 
(3) different axes namely the x-, y-, and z-axes, also commonly known as the Cartesian 
coordinates [18]. 
Table 1: The development years of additive manufacturing technologies [17] 
Name	  	   Acronym	   Development	  years	  
Stereolithography SLA 1986 - 1988 
Solid ground curing SGC 1986 - 1988 
Laminated Object Manufacturing LOM 1985 - 1991 
Fused Deposition Modelling FDM 1988 - 1991 
Selective Laser Sintering SLS 1987 - 1992 
3D Printing (Drop on Bed) 3DP 1985 - 1997 
In fused deposition modelling the filament is fed into the heating chamber where it is 
melted down and fed out the nozzle at a certain rate, depending on the relative rate of 
movement of the three axes [18]. The temperature of the nozzle is typically around 170 ºC 
to 220 ºC depending on the type of material that is used as a filament. The diameter of the 
nozzle is very important, because the resolution of the print relies on the thickness of the 
nozzle and the feed rate of the filament. A typical nozzle has a diameter in the vicinity of 
about 0.35 millimetres to 0.5 millimetres [18]. The strength of the FDM process shown in 
figure 2 is the range of materials it can use and the effective mechanical properties of the 
produced parts [9]. The main drawback of using FDM technology is its manufacturing speed. 
This relatively slow prototyping speed is due to the inertia of the plotting heads. This means 
that the maximum speeds and accelerations that can be obtained are slower than other AM 
systems (e.g. laser sintering) [9].   
                
Figure 2: Schematic of the fused deposition modelling (FDM) process’s (a) system and (b) 
principle [19] 
a.) b.) 
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The nature of FDM allows itself to be complimented by secondary technologies such as Room 
Temperature Vulcanising (RTV) silicon and investment casting [11]. This concept is valuable; 
particularly in the medical industry as the biocompatibility of materials is critical. The scope 
of biomedical materials that can be used in AM machines is currently limited, but the use of 
complimentary secondary technologies such as RTV, helps to overcome this challenge. After 
manufacturing the moulds with the available AM material, a biocompatible material (e.g. 
RTV agent) can be poured into the mould, to be used as the end user product [11]. 
As there are a lot of variables with regards to the FDM machines, setup time is required 
before each print. The bed of the machine needs to be levelled in order for the print to be 
accurate and to reduce quality issues and warping of the part.  
Once the machine setup is complete the manufacturing can begin. The manufacturing time 
is dependent on a number of variables such as the time it takes for the heating chamber to 
reach its operating temperature, the size of the component, the resolution of the printer, 
the quality of the print, the software being used, and the amount of support material 
needed [9]. All of these variables are user defined and can be varied when creating the 
initial G-Code file on the software provided with the machine.  
Post-processing of the manufactured part may be required, depending on whether a support 
material was used, the surface quality and the need for coatings. Post-processing includes, 
but is not limited to, the removal of all burrs, sharp edges, all of the support material and 
chemical treatment [9]  (e.g. exposure of ABS parts to acetone vapour can be used to 
effectively reduce the effects of visible layers [20]). The finished prosthesis can then be 
attached to the patient using a medical grade adhesive (e.g. Pros-aide) [6], or prosthetic 
socks and liners.  
3 EXPERIMENTAL SETUP AND DESIGN  
The objective of this research study was to evaluate suitable open source rapid product 
technologies for value creation in developing communities, primarily for the production of 
prostheses. The research approach was divided into different phases as illustrated in Figure 
3. The first step constituted of a thorough literature study on rapid product development 
technologies.  
 
Figure 3: Experimental approach followed to evaluate rapid product development 
technologies and fused deposition modelling materials 
Thereafter, affordable open source and expensive advanced rapid product development 
technologies were evaluated in terms of print volume, resolution, speed, accuracy and 
costs. The experiments were conducted to investigate the feasibility of utilising 3D scanning 
methods and AM technologies to validate a process chain, which could be adopted in 
Literature study 
Rapid Product 
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developing communities to produce auricular prostheses. ABS and PLA materials were 
analysed toward finding a suitable material to use for low cost prosthetic ear manufacturing. 
3.1 Prostheses manufacturing value chain 
The prostheses production value chain [1], which is being used by several institutions and 
hospitals, include the use of modern 3D scanning equipment and AM machines. The value 
chain to be investigated is shown in the flow chart in figure 4. 
In this study the prostheses were manufactured by the AM machine. Generally, the process 
chain involves the generation of a prosthesis mould through AM techniques, followed by the 
pouring of RTV silicon into the mould in order to obtain the prosthesis, however in this study 
an attempt was made at producing the prosthesis directly from the AM machine.  
 
Figure 4: Prostheses manufacturing value chain using rapid product development 
technologies 
The first step is to scan the contralateral ear (remaining ear), which will be mirrored in the 
scanner’s software, so that a correctly orientated ear is manufactured. The scanning process 
can be performed in a number of ways. The remaining ear can be scanned using a CT 
scanner and then the data can be transferred to an Endoplan-workstation, where the data 
can be converted into an STL file. Due to the high costs of CT scans and that the patient has 
to be exposed to radiation, this process will not be investigated in this study [7].  
The alternative to the CT scan is a conventional white light scanner. The scanner works by 
utilising a flash bulb and a camera. The bulb flashes a light onto the object and the camera 
catches and records the data from the light, which is then translated into a 3D image by the 
Artec software. Using the scanner, the patients’ ear can be scanned in a couple of minutes 
and then mirrored and edited using the Artec software.  
The second step entails exporting the scanned ear into a CAD program, such that a 3D model 
of the ear can be established. This can be done by making the ear a solid and creating a box 
over the ear by using CAD software (e.g. SolidWorks) [7]. This edited model then becomes 
the piece to be manufactured and it can be exported as an STL file. 
Most open source machines come with software to convert the STL file into the G-Code 
format, which the AM machine’s firmware uses to control the output of the machine. The 
STL file is then uploaded onto the software platform and the orientation of the model 
selected. After running the software, the G-Code is exported to the AM machine. A 
screenshot of the scanned ear from the program Axon by Bits from Bytes is shown in figure 5. 
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Figure 5: Screenshot of the scanned ear in the Axon build software 
3.2 Fused deposition modelling technology 
The RapMan 3.1 is an open source FDM machine designed and priced for students, educators, 
and hobbyists for do it yourself (DIY) personal fabrication. The machine comes in a kit with 
assembly instructions and typically takes approximately 20 hours to assemble. The 
specifications of the RapMan 3.1 are shown in table 2. Once assembled and calibrated, the 
machine can start manufacturing 3D objects in distributed areas.   
Table 2: RapMan 3.1 Specifications [21] 
 RAPMAN 3.1 SINGLE HEAD RAPMAN 3.1 DOUBLE HEAD 
X Axis 270 mm 190mm (7 ½ inches) 
Y Axis 205 mm 205mm (8 inches) 
Z Axis 210 mm 210mm (8 ¼ inches) 
Z Axis Resolution 0.125 mm 0.125mm  
Print Speed Extruded Volume Maximum 15mm³/s print & polymer dependent. 
Power Requirements 60 Watts (5 A @ 12 V) 
Approx. Weight 17 kg 
Overall Dimensions exc. extruder 650 mm (w) x 570 mm (l) x 510 mm (h) 
Overall Dimensions inc. extruder 650 mm (w) x 570 mm (l) x 820 mm (h) 
Max.extruder operating temp. 280 ºC (536 ºF) 
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3.3 Experimental materials  
The RapMan is capable of printing two different types of plastic materials namely Polylactic 
Acid (PLA) or Acrylonitrile Butadiene Styrene (ABS) plastics, which have different material 
properties as shown in Table 3. 
Table 3: Material Properties of PLA and ABS [22] [23] 
Properties Units ASTM 
Common Material 
PLA ABS 
Tensile Strength MPa D638-03 59 40 
Elongation at Break % D638-05 7 50 
Modulus of Elasticity MPa D638-04 3750 2600-3000 
Izod Impact Strength J/m D256-06 26 34 
Density kg/mm3  0.00105 0.00125 
Cost per kilogram Rand/kg - R 900 R 900 
Colour 
 
- Various Various 
PLA is a thermoplastic polyester which is produced from renewable resources, such as corn-
starch or sugarcane, and is readily biodegradable unlike the petrochemical plastics. PLA 
resins have been widely used for biomedical applications, because of their biodegrading 
properties [18, 24].  
PLA has a low threshold for high temperatures and is also a tough plastic that is quite brittle 
and hence it cannot be sanded down or smoothened out [18]. PLA usually extrudes at about 
180ºC and is required to be cooled by fans while printing. Although the biodegradable 
properties and origin of the material are favourable for rural areas, the mechanical 
properties, particularly the brittleness, make it a not ideal choice for a lifelike prosthesis.  
ABS is a thermoplastic with a broad range of desired properties, when considering 
prostheses. ABS is very durable and slightly flexible. It can be sanded down, painted, and 
adheres well when using a suitable glue for prosthesis adhesion [18]. ABS has been 
successfully used for the application of prostheses in other studies [6], because the surface 
roughness can be altered with sand paper and acetone vapour. 
The disadvantage of printing with ABS rather than PLA is that ABS has a higher melting point 
(240 ºC), which in turn means that there is more wear and tear on the printer extruder head, 
that more power is required in order to print the part, and the heat up time of the extruder 
is longer. For small production sizes, the extra cost in energy usage for producing the 
prostheses will be very small, however further research could be done to determine whether 
for large batches the higher energy requirements make ABS an unsuitable choice of material. 
3.4 Hommel Etamic T8000 
The surface quality of the final ear models were determined by measuring the surface 
roughness. This was done using the Hommel Etamic T8000, illustrated in Figure 6.This device 
can measure surface roughness, topography and contour. It allows for the recording, 
analysis, evaluation, graphical representation and archiving of values and parameters.  
The Turbo roughness software which accompanies the device allows the configuring of 
measuring conditions and collection of individual parameters.  
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Figure 6: Hommel Etamic T8000 surface roughness machine 
The specifications of this machine are shown in Table 4, indicating the intention of using this 
machine. This setup allows for easy evaluation of surface roughness parameters and makes a 
contribution to the ease and efficiency, as well as the reliability of evaluating the surface of 
the prosthetic ears. 
Table 4: Specifications of the Hommel Etamic T8000 Machine 
Measurement Range ±300 to ±600 µm 
Scanning Direction Z+ / Z- Axis 
Measurement Force ±1 mN -to ±50 mN 
The T8000’s measurement range varies from 300  𝜇𝜇𝜇𝜇 to 600  𝜇𝜇𝜇𝜇. The measurement force 
ranges from 1mN to 50mN. 
4 EXPERIMENTAL RESULTS AND DISCUSSION 
The 3D printers that are available in South Africa were analysed with respect to the 
manufacturer’s specifications and the types of materials it can print. The costs of these 
printers were compared in table 5 and table 6 with the necessary specifications. 
Table 5: List of affordable personal printer specifications and prices [18] 
Affordable open source printers 
 Makerbot Bits from Bytes 3D Systems 
Printers Units Replicator 2 RapMan 3D Touch Cube Cube X 
Print Volume mm 285x153x155 270x205x210 275x275x201 140x140x140  275x265x240 
Resolution mm 0.1 0.125 0.125 0.2 0.1 
Print Speed mm/hr 15 20 20 20 20 
Pref. 
material   PLA or ABS PLA or ABS PLA or ABS PLA or ABS PLA or ABS 
Accuracy mm   0.2 0.2 0.2 0.1 
Price Rand ≈R 24 000 ≈R 14 000 ≈R 32 500 ≈R 15 500 ≈R 28 000 
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Selecting one of the more advanced AM machines is not feasible in developing areas due to 
the limited funds, particularly for non-essential prostheses such as ears. Funding for such 
devices would be much more difficult. The most affordable printer, being the RapMan 3.1, 
was selected to print some experimental ears to analyse. The quality, time, cost and waste 
were analysed for both ABS and PLA materials. 
Table 6: List of advanced printer specifications and prices [18] 
Advanced printers 
 Z Corp 3D Systems Objet 
Printers Units Zprinter 150 ProJet 3500 Connex 260 
Print Volume mm 236x185x127 298x185x203 260x260x200 
Resolution mm 0.1 0.16 0.016 
Print Speed mm/hr 20     
Pref.Material       Med/Rubber 
Accuracy mm   0.025   
Price Rand ≈R 140 000   ≈R 1 150 000 ≈R 1 750 000 
An approximate build time model and cost model can be established, which will be verified 
experimentally, that indicate the estimated time and cost per build. Build time (𝑇𝑇)  can be 
calculated from the time it takes the machine to heat up to the required temperature for 
extrusion (𝑇𝑇), the actual deposition time (𝑇𝑇) and the recoat time (𝑇𝑇) as per eqn. (1), 
which for FDM technologies is nil. 
𝑇𝑇 = 𝑇𝑇 + 𝑇𝑇         (1) 
 
The time taken for the deposition of the filament is given as the volume of the object 
divided by the speed at which the machine can deposit material. Although for the RapMan a 
maximum print speed of 15mm3/s is given, typical machine speed (𝑆𝑆) is approximately 
120mm3/min. The ear is a difficult shape to evaluate, and heat up times for the machine to 
reach operating temperatures should also be considered when using eqn. (2). 
𝑇𝑇 =


          (2) 
 
The cost per part can be determined by adding the machine operating cost and the cost of 
material per part as per eqn. (3). 
𝐶𝐶 = 𝑂𝑂 +𝑀𝑀          (3) 
 
The operating cost is equal to the energy used by the machine (E) in watts, whilst building 
the part as per eqn. (4). The assumption is made that the cost in cents per unit of electricity 
(c/kWh) is R 0.9357 [25]: 
𝑂𝑂 = 𝑇𝑇×𝐸𝐸          (4) 
 
The cost of material can be determined from the material density (ρ), the part volume (v) 
and the cost per kg of material (𝐶𝐶) as per eqn. (5). 
𝑀𝑀 = 𝜌𝜌  ×𝑣𝑣  ×  𝐶𝐶         (5) 
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The CAD modelling of the scanned experimental ear can be seen in figure 7. Prototypes of a 
scanned ear were manufactured using each material at a resolution of 0.25 mm. The 
estimations and derived values provided by the AM machine software for other resolutions, 
namely 0.125 mm and 0.5mm were also compared.  
 
Figure 7: Screenshot of Axon 3.0 Rendering of Finished Ear Model 
The resolution, time, cost, and mass for the different materials are shown in Table 7. The 
STL model of the ear was opened up in Axon 3.0 software. The G-Code was then obtained for 
a 0.5 mm, 0.25 mm, and a 0.125 mm resolution for both PLA and ABS materials.  
Table 7: Build Data from Axon 3.0 Software 
	  	   ABS	   PLA	  
Resolution [mm] 0.5 0.25 0.125 0.5 0.25 0.125 
Time [h:m] 00:51 01:42 01:33 00:42 01:32 01:41 
Mass [g] 17.01 11.86 10.43 14.51 11.33 12.15 
Cost [ZAR] 15.31 10.67 9.39 13.06 10.2 10.94 
 
Figure 8: Printing process of the PLA ear model 
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The results for generating two prostheses at a resolution of 0.25mm for ABS and PLA 
materials respectively are listed in TableTable 8. In terms of manufacturing time, the PLA is 
a more favourable choice, due to the fact that it takes 10 minutes less to produce a PLA ear 
compared to an ABS ear. If this method is used for mass customization and the demand is 
high enough, software which is available could be purchased which generates a plan to 
optimise the production of many different parts in one cycle. The fact that prosthetic ears 
were produced which resembled real ears indicates that the process chain can in fact be 
reduced to eliminate the need for a mould in the case of prosthetic ears. This can save 
energy, time, money and materials. 
Table 8: Comparing the manufacturing parameters using ABS and PLA materials 
 Unit ABS Material PLA Material 
Printing time [h:m] 01:42 01:32 
Resolution millimetres [mm] 0.25 0.25 
Mass grams [g] 11.86 11.33 
Cost of prinintg Rands [ZAR] 10.67 10.2 
Surface roughness (Ra) µm 21.3 33.4 
Material waste grams [g] 1.18 1.24 
Cost of waste Rands [ZAR] 1.06 1.12 
The resulting prostheses can be seen in figure 9. Conventional production of prosthetic parts 
takes days, depending on the skill and availability of the prosthetics. A 10 minute difference 
in manufacturing time in this context is negligible. The mass difference between the two 
ears is only 0.53 grams.  
              
Figure 9: Finished prototypes of the ears with PLA (left) and ABS (right) materials 
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The surface roughness (Ra) of the ABS was 21.3 um and that of the PLA was 33.4 um. The 
smoother surface means that the prototype needs less surface finishing operations. This 
indicates that for the same machine resolution setting the ABS provides a better surface 
quality with respect to prosthetic ears. The difference in cost and material wastage for the 
production of a single ear was very small and thus not taken into account. The material 
properties of ABS for the application of prosthetic ears outweighed those of the PLA in terms 
of flexibility and post processing. The post processing of the model is a lot easier to perform 
on the ABS. This is due to the fact that conventional surface finishing methods can be used 
with ABS, without compromising the integrity of the part. Although the price of producing an 
ABS prototype is slightly higher than a PLA prototype, the mechanical properties of ABS 
ensured a better quality prosthesis that will last longer. The waste material for one ear for 
the ABS was 1.18 grams and for the PLA was 1.24 grams. The difference between these 
figures is 0.06 grams which is negligible, particularly with mass customization manufacturing 
cycles. The comparison between ABS and PLA indicated that ABS is the better material of 
choice when producing a prosthetic ear using FDM machines. 
5 CONCLUSION 
This paper investigated the feasibility of utilising open source scanning methods and AM 
technologies to verify a process chain which could be adopted in developing communities. 
The study compared available AM technologies. ABS and PLA materials were analysed to 
determine which is more suitable to use as the material of choice for a low cost prostheses. 
This study concludes that it is possible to manufacture ABS prosthetic ears using more 
affordable open source technologies. Further research should be done to optimise the value 
chain’s other parameters and test the feasibility with a broader range of materials. 
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